Water is fundamental to our understanding of the evolution of planetary systems and the delivery of volatiles to the surfaces of potentially habitable planets. Yet, we currently have essentially no facilities capable of observing this key species comprehensively. With this white paper, we argue that we need a relatively large, cold space-based observatory equipped with a high-resolution spectrometer, in the mid-through far-infrared wavelength range (25-600 µm) in order to answer basic questions about planet formation, such as where the Earth got its water, how giant planets and planetesimals grow, and whether water is generally available to planets forming in the habitable zone of their host stars.
MOTIVATION
Water is critical for the emergence and evolution of life as we know it. Life on Earth is dependent on water, with the addition of carbon, nitrogen, and other minor elements (Chopra & Lineweaver 2010) . During the process of planet formation, the abundance and phase (solid or gas) of water traces the flow of volatile elements toward their ultimate incorporation into potential biospheres (Marty 2012) . Understanding how the ingredients for life are delivered to exoplanets requires new observational constraints on the distribution of water, in particular during the process of planet formation. As our understanding of the flow of volatiles to protoplanetary disks, and to exoplanets, grows tighter, interest in water will grow. By the late 2020s, there will likely be great interest in understanding this trail of the water.
Water is thought to play a critical role in the growth of planets. The recent Atacama Large Millimeter Array (ALMA) images of intricate dust structures (Andrews et al. 2018) provide dramatic evidence of the importance of the physics of solids in protoplanetary disks. As solid cores are needed to form giant planets, the presence of a massive ice reservoir may profoundly affect the architecture of exoplanetary systems (Ida & Lin 2004; Raymond et al. 2004 ) and the prevalence of water worlds (Zeng et al. 2018) . Indeed, the dust seen by ALMA is likely icy, with a mass and volume dominated by water ice. If so, planetesimal formation may only occur beyond the water snowline (Drażkowska & Alibert 2017) . Thus, understanding the observed structure of solids and the emergence of both rocky and giant planets requires observations of the water content in dust and gas in protoplanetary disks.
Water is intimately linked to the composition of exoplanet atmospheres. Giant planets, planetesimals, as well as comets and Kuiper belt objects form in a rich chemical environment where primordial water and other volatiles mix with new complex chemistry to create a broad diversity of planetary systems. For instance, one of the central links between planet composition and disk composition that is currently driving efforts in both planet formation and exoplanet communities is the elemental C/O ratio. Since water is the dominant carrier of oxygen, it is a driver of the C/O ratio and the relative partition of carbon and oxygen between the gas and solid phases. Indeed, giant planets have C/O ratios set by their birth location and they may, depending on core-envelope mixing and planetesimal accretion, carry this information to later stages (Öberg et al. 2011) . There is presently an extensive industry attempting to determine C/O ratios in planetary atmospheres (e.g., Madhusudhan 2012; Konopacky et al. 2013; Line et al. 2014; Dawson & Johnson 2018) , but also in protoplanetary disks (e.g., Kama et al. 2016; Bergin et al. 2016; Cleeves et al. 2018) . It is also thought that many chemical signatures seen in primordial Solar System materials originate in the gas-rich protoplanetary disk phase (Busemann et al. 2006; Mumma & Charnley 2011; Simon et al. 2011) .
HOW WATER IS OBSERVED
To understand the role of water, it is necessary to measure the mass and spatial distribution of water relative to hydrogen in all of the water reservoirs in disks. Figure 1 shows the spectral tracers of water in a typical protoplanetary disk. Figure 1 . The broad infrared wavelength range in protoplanetary disks is in many cases dominated by strong emission from water lines when observed at high spectral resolving power. This plot shows a model of a typical disk around a solar-mass star at a distance of 125 pc, with line strengths fitted to Spitzer and Herschel spectra using a two-dimensional radiative transfer model (Blevins et al. 2016) . The model is rendered at a resolving power of R = 50 000, and viewed at an inclination of 45 degrees. Also visible are the strong far-infrared emission bands of crystalline water ice.
Water vapor can generally be observed via a large number of rotational and ro-vibrational transitions throughout the infrared to submillimeter range (2-1000 µm). We know water is abundant in disks, both from theoretical expectations, as well as from Spitzer and Herschel detections (e.g., Pontoppidan et al. 2010b; Carr & Najita 2011; Riviere-Marichalar et al. 2012) . Transitions at longer wavelengths have a tendency to trace lower excitation temperatures. Because the Earth's atmosphere absorbs strongly in water transition with upper level energies below 700 K, cold water is not accessible from the ground, or even from airplanes. Conversely, water transitions excited in hot gas (T 700 K) can be observed from the ground, though with some difficulty (e.g., Carr et al. 2004; Pontoppidan et al. 2010a; Salyk et al. 2015; Banzatti et al. given the high backgrounds from warm telescopes.
There is some demonstrated potential for detecting the 321 GHz warm water line from the ground (10 2 9 → 9 3 6 , E upper = 1861 K), but probably only for a few of the brightest targets with current ALMA sensitivities . Consequently, observing the vast majority of the water vapor mass in protoplanetary disks requires a sensitive space observatory. The James Webb Space Telescope (JWST) will observe hot water in many disks, and thereby make great strides in our understanding of water within ∼ 1 au. Access to wavelengths longer than the 28 µm limit of JWST is needed to observe any water lines with E upper 800 K. Water ice can be observed at mid-infrared wavelengths through solid state vibrational transitions (primarily at 3, 6 and 11 µm), or via phonon modes at ∼43-47 and ∼62 µm. The mid-infrared ice bands can only be observed in absorption or scatting in disks under special circumstances (Pontoppidan et al. 2005; Honda et al. 2009 ) because heating dust grains to the temperatures where the bands would appear in emission will also desorb any ice. The far-infrared features are unique as they can be excited at relatively low temperatures, and therefore be seen in emission from the bulk water ice reservoir (McClure et al. 2015) . The strongest 43 µm ice feature was not observable within the bandpasses of either Spitzer or Herschel, but would be readily accessible to a space telescope of modest size with sensitivities of a few mJy (1σ) in the 35-100 µm range (Kamp et al. 2018 ). Figure 2 summarizes how different observational facilities can observe the various properties of water in protoplanetary disks.
WHAT CANNOT PRESENTLY BE DONE
We presently cannot observe, or unambigously characterize, most of the water in planet forming regions. Since water represents the bulk volatile reservoir, this deficit will restrict our understanding of the delivery of volatiles to planets. ALMA is showing evidence for a rich and active chemistry (e.g., Bergin & Cleeves 2018) in the carbon and nitrogen elemental pools. This work is ground-breaking but cannot directly constrain the O in the C/O ratio for either the solids or the gas, as a direct, and robust, tracer of cold water and ice is lacking. While ALMA can probably detect warm water in a very small number of cases (e.g. a tentative detection by Carr et al. (2018) ), it cannot provide broad access to the cold water reservoir. JWST-MIRI can access water vapor emission from the hot disk surface inside the snowline, but cannot access the dominant cold water reservoir (T < 200 K). Furthermore, JWST cannot spectrally (or spatially) resolve the hot water lines to constrain the location of the snowline, as the relevant lines have widths in the range 10-50 km s −1 -significantly less than the best JWST resolving powers of 75-200 km s −1 . Ground-based mid-infrared spectroscopy could spectrally resolve lines from hot water, but is presently only sensitive to the brightest systems. A high-resolution, mid-infrared spectrometer on a 30m class telescope could make important contributions to our understanding of the hot water inside the snowline. To measure the total water content in a representative sample of planet-forming disks, we will need full access to the mid-to far-infrared spectrum of water from a space-based platform.
Water content (Earth oceans) Overview of the sensitivity to the water mass at all phases and evolutionary stages compared to the sensitivities of various previous and planned observatories (SPICA, JWST, Herschel, and Origins) . For each case we provide the maximum range of expected values based on models and/or observations shown in purple rectangles.
RECOMMENDATIONS
In order to accomplish the goal of tracing bulk water vapor and ice at all temperatures, from 10-1000 K, during planet formation, it is necessary to have access to sensitive line spectroscopy at high spectral resolution from mid-infrared to the far-infrared wavelengths (3-600 µm). There is a sliding scale of capabilities, where some aspects of planet-forming water can be explored by less capable facilities (lower sensitivity, limited bandpass, and lower spectral resolution). Important and focused contributions will be made by observatories currently under development, including JWST, SOFIA-HIRMES, and ELT/TMT. JWST will measure the relative amount of hot water in the inner disk surface inside the snow line, for a significant number of disks, while SOFIA-HIRMES will measure the distribution of water out to, and including, the snow line for a smaller number of disks due to sensitivity limitations. These will be important contributions in the next decade (see Figure 3) .
Recommendation 1 -water is a key tracer of planet formation processes: Observing water vapor at all temperatures, as well as water ice, in protoplanetary disks will be crucial for understanding the development of habitable planets and the formation of giant planets in the next decade. As the composition of exoplanetary atmospheres becomes better established, it will be crucial to link them to observations of volatiles during the process of planet formation.
Recommendation 2 -sensitive mid-to far-infrared spectroscopy is needed to detect water at all temperatures and phases: While hot water (T 500 K) can be traced at 5-28 µm, observing cooler water, and in particular water tracing the snow line, requires sensitive spectroscopic access to the far-infrared (25-600 µm). Indeed, the far-infrared is the most effective wavelength region as it has the potential to trace both hot and cold water vapor, as well as bulk ice. Efficiently measuring water vapor at all temperatures in nearby (150 pc) protoplanetary disks around solar-mass stars requires line sensitivities of at least 10 −19 W m 2 (10σ). From space, the minimum required wavelength coverage includes at least 25-200 µm, which includes strong water transitions with upper level energies between 2000 and 114 K. The addition of the lowest-lying ground-state line of ortho-water at 538 µm, with a relative upper level energy of 27 K, provides access to the coldest water at 10-20 K.
Recommendation 3 -high spectral resolving power is needed to localize water vapor: High spectral resolving powers of at least 25 000 − 50 000 are needed to maximize the line-to-continuum ratio and therefore the contrast to the bright dust far-infrared continuum present in protoplanetary disks. These resolving powers will also measure the profiles of almost all water lines tracing gas out to, and including, the snow line. Even higher spectral resolving powers in excess of R ∼ 200 000 are required to precisely locate the coldest gas in outer disks using kinematic tomography of the ground-state water lines at 179.5 and 538 µm (as well as other lines of small molecules in protoplanetary disks, such as NH 3 and other hydrides). Observations of the far-infrared water ice band at 43 µm requires considerably lower resolving powers of a few hundred, but need spectro-photometric calibration at the 1% level to detect ice species other than water (Kamp et al. 2018 ).
Ultimately, a large, cold space telescope with access to the 25-600 µm range equipped with a high-resolution spectrometer (R = 25 000 − 200 000) is required to explore all water reservoirs in planet-forming systems around stars of all masses. The Origins Space Telescope concept is designed to meet the requirements for comprehensively observing water at all temperatures during the process of planet formation.
